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THE ATOMIC CLOCK 

An Atcnic Standard of Frequenc;; and Tirie 

A b a s i c a l l y  new, pr i r -my stendard of frequenc; 2nd t i r e ,  invariant with 

age, has been deTreloped a t  the  National Bureau of ;tcndards; an a tonic  clock 

based on a constant n a t u r a l  frequency cssociated vSth the v ibra t ion  of the 

a t o m  in the  armmia Llolecule. 

Lyons of the  Bureau's ricrowave research laborctor; ,  the  new clock pronises t o  

surpass by one o r  two orders of  rzgnitude t h e  acci.-acy of t h e  present p r imr j r  

standard, the  r o t a t i n g  ear th .  

Bcsed on a p r i n c i r l e  developed by Dr, Hcrold 

D r .  Lyons w a s  a s s i s i e d  i n  t h e  design and 

construction of the  clock by B.  F. Husten, E. D. Hsberling, and other nercbers of 

h i s  staff. 

This  is t h e  first atonic  clock ever b u l l t  and is controlled by 2 constant 

frequency derived f r o n  a riicrowave absorption l i n e  3f armonin gas, providing a 

tirne constancy of one per t  i n  t e n  mill ion.  Thecr~rf;ical considerations indicate  

a p o t e n t i a l  accurscy of one p r t  i n  a b i l l i o n  cr eren ten b i l l i o n ,  depending on 

t h e  type of a tonic  systern aid spectrw- l i n e  us& 

The present crovding of t h e  radlo frequency s-pctmun has imposed severe 

linitat ions, both nzt  ional ly  and in te rnz t  ioncllj.  

f o r  industry and corxunicctions. The ctonic  c h : B  - n y  be expected t o  benefi t  

g rea t ly  t h e  corxunications indus t r ias  and t h e  ni'-it=. -y services ,  f o r  it w i l l ,  

i n  e f f e c t ,  provtde a d d i t i o m l  rOcJI3 i n  the  rc.dio t'req ency range for nore 

comunication s t a t i o n s  of a l l  cxpes. 

a d r i f t i n g  of each s t a t i o n ' s  frequency, s o  t h a t  a brocd "rzdio s p c e "  i s  required 

i f  interference with other  s t a t i o n s  is  t o  be amided. The r-?.xirmri u t i l i z a t i o n  

0-1 the  expzrding use of radio 

The prcstn; "rc.dio spzce" allows f o r  

of a-rallable space i n  the rad io  s p e c t r m  depencs on the  accuracy with which 
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the  frequency of En indiviCua1 s t a t i o n  c m  be ccr;trolled, essec ia l ly  a t  the  

higher frequencies where quartz c rys t a l s  cannot be used a s  frequency control l ing 

elements. These frequencies, used by radar,  t e l e r i s i o n  relays,  and microwave 

equiment  in general, could be controlled by a tonic  elmcr-ts.  

would a l so  Eake p c s s i l l e  the gemanent establishxent of redio channels on 

such zn exact bas i s  t h a t  tuning could 5e xcadc as autozat ic  as the d i a l ing  of a 

teleFhone number. 

Such control 

The i;nprovemer;ts i n  frequency and t h e  EeasureKent offered by t h e  atomic 

clock a r e  a l s o  of f.xxlan;ental inTortance i n  mny f i e l d s  of science. 

time standard w i l l  be of spec ia l  iaportence i n  asti'cnop?, whcre present time 

standards leave much t o  be desired.  

important t o o l s  of research and development i n  every teclhnical f i e l d  where 

precise  neasurements of t h e  and frequency a re  crucial--for example, in  long- 

range radio navigation systems, in the upper range 02 the  microwave region 

where atomic sys t em can s c n c  as e lectronic  comTonents, and i n  basic  research 

i n  microwave spectroscopy ar?-d riolecular s t ruc ture .  

An absolute 

The a t m i c  clock and the  method represent 

The present time a-13 frequency staiidarLs era based on astronoaical  

de t emiaa t ions  of the  period of r o t a t i o n  of the ear th.  

very gradually slowing down i n  response t o  t he  forces  of t i d a l  f r i c t i o n  i n  

shallow seas. 

r a the r  sudden--in the  Teriod cf ro ta t ion ,  tLe rcmms f o r  which a re  unknown. 

These two czuses are resgonsible f o r  changes in xean solar t i n e  and therefore 

i n  the  frequency of any Feriodic or v ib re t i sg  Bystens acasured ;n terms of 

such t i m e  standsrds . 

However, t he  ea r th  is  

In  addition, thcre  a rc  i r rcgL.kr  vzriaticns--scme of them 

I n  recent years, vibrat ions of a t o m  i n  Eolecules--or what a r e  nore 

spec i f i ce l ly  t c m e d  spectmm l i n e s  or ig ica t ing  i n  t r ans i t i ons  between e n e r a  
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l eve l s  of these  atmiic  s;wtem--hme been found in t h e  ricrowme region of t h e  

rad io  spectrum. It hcs been possible  t c  m k e  ver2- precise  xeacureslents of 

these  lines by r e d i o  ze%hcds ils ing a l l - e l e c t r o n i s  equ.i?aent of unprecedented 

s e n s i t i v i t y  2nd resolutior, .  'dhen it becaxe evidziit t h a t  such spectrum l i n e s  

night  eventual ly  provide new p r i r z r y  frequency standards, s c i e r i t i s t s  at the  

National Burecu of Stendmds 3egaa seekicg e m a n s  of u t i l l z i n g  one o f  these 

l i n e s  t o  cont ro l  an o s c i l l a t o r  which i n  t u r n  ccu.ld be used t o  dr ive a clock. 

Because t h e  r e s u l t i n g  equiprent,  t he  2 3 0 ~ 5 ~  c l ~ c k ,  is ccn%rolled '07 t h e  

invariable  nolecular  s y s t m  of  aymonia gas, it i s  indepcndent of astroccjnical  

determinations of tine . 
The National Bureau of S%andards atoli.,ic clock cons is t s  e s s e n t i a l l y  of a 

c r y s t a l  o s c i l l a t o r ,  a frequency r m l t i p l i e r ,  a frequency discriminator,  and a 

frequency divider, all hcused in  two ver t ica l - tSpe  cabinet racks,  on t h e  top  

of which a re  mun ted  E spec ia l  fS0-cycle clock c;ld a Wa'VegJide Ebsorpt im C e l l .  

Amaonia gas under a p e s s u r e  of 10 i;r 15 lnicrocs is rmintained i n  t h i s  c e l l ,  

a rectangular 1/2 x l /&-inch ccpper tu3e wou2d ~n a cczipact 3Cj-foot s p i r a l  

zbout t h e  clock. 

The new davelopxent uses zn ebsorp5im freG-cncy of aranlonia t o  hold a 

nicrowaw si-1 f ixed.  If t h e  microwave simal odcput of a generator d i f f e r s  

in  frequency frm t h e  cxrcnia ~ 3 s o r > t I s n  l l n e ,  t k n  t h e  cont ro l  c i r c u i t s  

generate an " e r r o r  siEI=fL1" which brings t,be zicrcxzve s ikna i  'oack t o  the 

frequency of t h e  s;ectr.m l i n e  

i s  thus control led,  mid t k e  s e t t i n g  of t h e  clock I h i c h  it drives  ccn be compared 

The o s c i l h t 2 r  genercting t h e  microwave s i g n a l  

with an astronoriical  cicck. 

The uicrowme signal i s  i n i t i a t e d  by a lOO-kiloc3 c l e  quar tz -crys ta l  

o s c i l l z t o r  or any other  o s c i l l c t o r  which, f o r  purposes of convenience and 

accuracy, i s  designed for a high degree of s t z b l l i t y .  By mans of vacuum-tube 

d 
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c i r c u i t s  and s i l i c o n - c r z s t c l  diodes, t h i s  frequcncj is  riult iplieC t o  p-ovi.de 

output signals  throughout t h e  ricrowcve range. 

with the  frequency of c cicrcwcve sgectrLy l im, i n  t h i s  c m e  cf am-onia gas, 

bj- su i tab le  contr: 1 c i r c u i t s ,  c f t c n  called frequcr-cg discr ininEtcr  cr "servo" 

c i r c u i t s .  If t h e  qucrtz-crystczl o s c i l l c t J r  d r i f t a  c f t c r  t h e  c:icrcwave s i g n a l  

at the  upper end of t h e  r a l t i p l i e r  chain hcs b e m  e x a c t u  tuned t o  the  frequency 

of t h e  s p e c t m  l i n e ,  t h e  d i s c r i z i n a t c r  c i r c u i t  generates cn cutput s igna l  

which, thrcugh t h e  propsr control  c i r c u i t s ,  c m  be cpplied ta t h e  o s c i l l s t o r  

a t  t h e  bottcrc of t h e  mul t ip l ie r  chain t c .  br ing it, bzc4 t o  t h e  proper frequency, 

By mans of a frequency di7Tider, the  I C 0  k i lccyc les  m y  be reduced t o  any 

desired frequency f x  dr iving a clsck; e , g .  one thmsacd cysles  o r  50 cxcles,  

Theee signals are compared 

Principles  an& Operct im&- li 

Frcquency-discrirnin,ztcr or Servc -xechnnisn c a n t r c l  c i r c u i t s  f o r  a t o r i c  

clocks might be de-rclc,yed in  ran? different forrzs, 

circuit ,  i n  the present ator-ic clock is  one s u x e e s f u l  fo-m of aeveral being 

devellozed by t h e  Nationzl 3ursau of Standards, 

give e m n  grea te r  time-keeping accurccy . 

The e lec t ronic  control  

It i s  EX% 'Deirq re f ined  t o  

The f u n k r e n t a l  frequenc; sign21 generrtted by t h c  190-kilocycle 

oscill,?;or is  f i rs t  r u l t i p l i c L  YG t o  270 negrcj-c lcs per second (cbbreviated 

Mc) by a frequency-mltLp35 ing c h i n  using stcndwd. lsw-frequency tuhes, 

t h e  next s tep,  the  m l t i z l y i n g  cl-ain is  ccnticucd L; t c  2970 Mc by mans of a 

f r e q u e n c y - r : u l t i p l y i ~ ~  kij-stron, wkich is  e l s o  ccdxla ted  bg an EM o s c i l l a t o r  

In 

genemting a s i g n c l  a t  13.8 2 Q.2 Mc. This n&es t h e  frequency-modulated 

output of t h e  klyetrcn 2383.8 After  fu-cther as,plif ication, the 

frequency-codula-ted s igna l  i s  m l t i p l i e d  i n  a s i l i c o n  c r y s t a l  rectifier t o  

C.12 Mc. 
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23,870.4 2 0.96 M c ,  and fed t o  the a m o n i s  obaorption c e l l .  

of t h i s  EGdulated contml  si,nnal sweeps c?.crcss t h e  absorption l i n e  frequency 

of t h e  amonia vapcr, t h e  s igns1 reaching the  s i l i c o n  crystal detector  a t  the  

end of t h e  absorption c e l l  d ips  because of t h e  absorpticn, thus  giving c 

A3 t h e  frequency 

ne gat ive out put pulse e- 2/ 

A second pulse is generated when t h e  output G f  t h e  frequencz-mdulated 

o s c i l l a t o r  a t  13.8 2 17.12 Me i s  fed  t o  a inixer (x red io  receiver)  i n t o  which 

is  also fed a 12.3-Mc signal fro.. the  quar tz -crzs ta l  xiultiplying chain. When 

t h e  signal sweeps acrcss  t h e  proper freqmncy t o  be tuned in  (12.5 Mc plus 

t h e  1.39 Mc i n t e m e d i e t e  frequency of the receiver,  o r  13.89 M c ) ,  an output 

pulse is genercted. 

absorption c e l l ,  caused by t h e  absorpticn l i n e ,  and t h a t  fron t h e  receiver  or 

mixer--is a neasure of t h e  degree t o  which the  frequency-mlt ipQing chain i s  

tuned t o  the  abcorption lirie. 

a discriminator c i r c u i t  vhlch w i l l .  giTe zero cut-pf, when the  t b - e  interval  is  

r i g h t  ( t h a t  is, when t h e  c i r z u i t  is  tuned t o  t h e  absorption l i n e )  and w i l l  

generafe a c m t r o l  signal alien t h e  tim i n t e r n 1  is  wrong. If t h e  quartz- 

c r y s t a l  o s c i l l a t o r  drifts Ln frequency to higher values, the  time i n t e r v a l  

between t h e  twc pulses increases;  for frequencies which a r e  t o o  low, t h e  

interval decreases. The ccntr31 s igna ls  t h x  generated are fed t o  a reactance 

tube, which then forces  the  q u a r t z - c r p x a l  c i r c u i t  t o  c s c i l l a t e  at t h e  correct 

frequency t o  tune t o  t h e  clbszrpticn l i n e .  The quartz-crystal  o s c i l l a t o r  i s  t h  

locked t o  the  amxnla l i n c ,  

ki locycle  signal dcwn t o  5@ cycles t o  dr ive an crdii-i-ry synchronous notor clock, 

and also down t o  1030 cyclcs t o  drive a spxlal  synchronous-notor clock, which 

is  desigr-ed f a r  exact adjustcent  and corqarison with astronoraical tine t o  within 

The t b e  i n t e r v a l  between t h e  two pulses-that from t h e  

Tke two pulses can t k e r e f x e  be Fade t o  control  

ficquency di-ri4crs thcn divide t h e  precise 100- 
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5/1000 of a second. 

Control of t h e  quartz-crystal  c i r c u i t  depends on tlie r e l a t i v e  duration of 

t h e  posi t ive and negative portions of a square-wave s i g n a l  generated by the  

discriminator.  In t h e  discr i r i inator ,  t h e  two pulses between which t h e  tiEe 

i n t e r v a l  is  t o  be reasured t u r n  a t r i g g e r  c i r c u i t  o r  square-wave generator on 

and off. 

s i g n a l  from the pos i t ive  aiid negative psak detectors  driven by t h e  square-wave 

s ignal .  The detectors  o r  r e c t i f i e r s  draw current on t h e  posi t ive and negative 

peaks of the  square-wave, but when t h e  pos i t ive  and negative portions of t h e  

square wave a r c  of equal duration, they balance and give no d i r e c t  current output. 

However, if the tine i n t e r v a l  between t h e  two input dr iving pulses ge ts  longer 

or shorter ,  the  re la t ive  duration of t h e  posi t ive and negi t ive par t s  of t h e  

square-wave changes 30 t h a t  a r e s u l t a n t  direct-current  output i o  generated. 

This output i s  pos i t ive  or  negative, depending on the change i n  t h e  time i n t e r v a l .  

Thus, no control  voltage i s  generated when the  quartz-cryatal  o s c i l l a t o r  is  on 

t h e  proper frequeacy t o  sg-:ee, through t'he frequency -multiplying chain, with the  

amionia Line; but a p c s i t i v e  or negatiTre co;it-?ol voltage is  produced for correct-  

ing the  o s c i l l a t o r  c i x u i t  when it dr-ifts one wajr o r  t h e  other from i t s  proper 

value. 

When t h e  t iEe i n t e r v a l  is correct ,  t h e  on-cff cycle generates no output 

One g e a t  advantage of t h i s  p e r t i c u l a r  clock c i r c u i t  l i e s  in  t h e  inherent 

short- t ine s t a b i l i t y  of t h e  qxartz-cryoial  c s c l l l c t x ,  whic.h r.akcs it un- 

necessary f o r  t h e  d i s c r i n i r a t o r  c i r c u i t 0  t o  aplly corrccting control  s igna ls  

t o  t h e  o s c i l l a t o r  a t  a Twy rap id  r a t e .  The c r y s t a l  and m l t i z l i e r  c i r c u i t s  

bridge t h e  gap between t h e  frequency of %he clock and t5at of t h e  abscrpt icn 

l i n e  

Recording eqiuiprient and a frequency meter a r e  used in  checking t h e  accuracy 

For t h i s  purpose, the frequency of t h e  clock's crystal of the  clock. 
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o s c i l l a t o r  is comzared t o  t h e  frequency of the B-dreau*: pr i rary frequency 

standards, a group of precision, 100-kilocpAe quartz-cr:;otal o s c i l l a t c r s  

ca l ibra ted  i n  t e r m  of the  TJ. S. N a - T a l  Observatcry t i n e  s, 'vals. These o s c i l l -  

ators lraintain constant frequency with respect t c  each other t o  an accuracy o f  

one Tart i n  a b i l l i o n  f o r  intervelo up t o  10 hours and bc,t+,er than  one p a r t  i n  

100 mil l ion per day. 

atoL9.c clock t o  t h i s  accurecy. 

sources together  a t  a frequency of 12.3 Mc t o  obtain greater E?asuremeri% ;;ensi- 

t i u i t y .  A change of  one cycle per seccnd i n  t h c  freqilc:r,cj of t h e  beat  note, as 

recorded on the  frequency c:eter or on an autonat ic  rezoider,  ind ica tes  a frequency 

v a r i a t i o n  of one par t  i n  12.3 c i l l i o n .  

constancy of one g a r t  i n  t e n  mil l ion f o r  severa l  hnu~s. 

t h e  clock w i l l  lock accurately t o  t h e  mxonia l i n e  evzn when a Zerturbing s igna l  

They can therefore  be used t o  m a s u r e  t h e  ,:snstancy of t h e  

This i s  done by beating t h e  s. pals *!'ran t h e  two 

In recent t e s t s  t h e  clock m i n t a i n e d  a 

These t e s t s  show t h a t  

i s  applied t o  the  reactance txibe i n  tlia a t tenpt  t 3  force the  clcck t o  change i ts  

r a t e .  

31t ir-ate Accurasy 

The u l t i m t a  accu;*ecy of an a tonlc  clock depends on rany fac tors ,  of which 

t h e  nost important a re  t h o w  governin2 %he width of the  g e c t m  l ine.  

lines a r e  not  i n f i n i t e l y  narrow %ut hzve a f i n i t e  width covering a considerable 

frequency range, since a t o m  or rwlecules do r o t  e - L t  o r  ilbsorb rad ia t ion  a t  

only one frequency but r a t h e r  ov&r a r?ar.row b a l d  of frccpencies.  

Spectrum 

The r a t i o  o f  

a l i n e  frequency t o  i t s  wici-ch a t  t h e  half-power poir2i;s i s  ca l led  the Q of t h e  

l i n e ,  i n  a n a l o a  t o  t h e  Q ( q u a l i t y )  f a c t o r  o f  resccent c i r c u i t 3  used in atandard 

rad io  technique. 

deternines i t s  usefulness as an accurate frequency and t i E e  stendard. 

The Q i s  a masxire of the c h a r p x c s  of the lFne and therefore  

In t h e  case of arnonia, t h e  na ture1  l i n e  wldth dctornined s?y t h e  uncertainty 

pr inc ip le  of quantmi nechacics gives a Q of abcut 1@l8 (a b i l l i o n  'o i l l ion) .  If E. 
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l i n e  width were detemined only by t h e  natura ife 3Ane 0, an exci ted s t a t e  in  

t h e  amonia  mlecule ,  giving a Q of l@, frequcncg and t i c e  could be detemined 

t o  b e t t e r  than one pert i n  2 b i l l i o n  b i l l i o n  (1,000,3@0,OG0,000,0@0,0~@). 

However, t h e  l i n e  is broadened bg other  f c c t c r s  which lover t h e  Q t o  a value of 

from 3C),OOO t o  300,000, depmding on t h e  tenperature  2nd pressure cf t h e  gas. 

This  m y  be corrpared t o  Q values of roughlj- ,5@,0@0 f o r  a p o d  cavi ty  resonator 

in  a xicrowave c i r c u i t  and values of 1,000,000 cJr so  f o r  the  bes t  quartz c rys t a l s .  

The cmonia sFectrur; line thus  has n 9. approxkmtini; t h a t  of t h e  best  quartz 

c rys ta l s ,  though ~ u c h  nore constant and s teb lc .  

The cmonia coiecules  in t h e  absorption h e l l  &re noving rap id ly  i n  randon 

t h e m a l  notion at an a-rerage speed of c - k o s t  ‘1300 &et p e r  second a t  roon  

temperature. When a ges nolecule i n  an absorption c e l l  i s  approaching or receding 

frori the  source of an e l e c t r o m p e t i c  w m e  because cf i t 8  heat rl.otion, i ts 

absorption frequency is  d i f f e r e n t  f r o r ;  tk-t which it would have if It were 

standing s t i l l .  

analogous t o  the  change i n  p i t c h  of sound es i ts  sov.rce approaches, passes, and 

l e a m s  an obscrver. 

t h e  tert-peratu=.e of t ? e  , igs (or by using a hemicr  1:c:ccuLe). 

lowers  t h e  Q of t h e  amonia  l i n e  t o  about 370,000 ct r o a i  t e rgcra tures .  

This gives rise t o  a “Doppler brocdening” of t h e  absorption l i ne ,  

Thus, t h e  l i n e  wid-tli can ’CG rcduced s l i g h t l y  by lowering 

Doppler broadening 

Moleculzr c o l l l s i o n s  alsc broaden t h e  absorpt icn l i n e .  This  broadening 

occurs because t h e  c c l l i s i c n s  a’oruptly terr;iziz?,e tk: z$sorption process, causing 

t h e  m l c c u l e s  t o  abm-rb w z c e  t r a i n s  W ~ G C C  ler_&5s vx-g in a randon wax detemined 

by t h e  d i s t r i b u t i o n  of t i c e  intcrTrals be tmen co l i i s ions .  

of these wave trains shows e correspondiiig rcndoa d l s t r i b u t i o n  of absorbed 

frequencies,  e l l  centerinG about a clean value Cetexxincd by t h e  nmber of COLL-  - 

l i s i o n s  per second. In n i a  gas a t  e pressure of 10 riicrons there  are about 

120,000 co l l i s ions  p r  second, giving cn experi-:entallF ceasureh Q of 45,000 for 

A frequency ana lys i s  
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the ab rp t ion  l i n e  used. 

3,3 l i n e ,  for which t he  quantun nvxkers J and K are e-ch equal t o  3. )  

(This i s  t h e  L i e  known t o  spectroscopis ts  as t h e  

Actually,  there  ere r-ore c c l l i s i c n s  e f f ec t ive ly  in te r rupt ing  t h e  absorption 

process i n  a r m "  than the  k i n e t i c  theory cf Gosee wculd indicate .  Further 

broodening of the  l i n e  r e s u l t s  f ro=  c o l l i s i o n s  of t h e  xolccules with t h e  walls, 

and even near misses between nroleculee ceuse in t e rac t ion  s t rong enough t o  in t e r rup t  

absorption. The nuLber o f  c o l l i s i o n s  ger second, and thus the  c c l l i s i o n  broaden- 

ing, ccn be reduced by lovering t h e  gas zressurc. This proccss, if not ca r r i ed  

t o o  far, does not reduce abscrpt ion i n  t h e  gas, becmse t h e  decrease i n  nmber  of 

rAolecules absorbing e n e r w  is  o f f se t  by t h e  increase i n  abscrpt ion per  ro lecule  

r e su l t i ng  f ro r -  t h e  increase i n  &, 

mch,  a phenorenon known as sature-tion of t h e  l i n e  s e t s  in, ccused by an excess 

of rad ia t ion .  

absorb the  microwave r ed ia t ion  coning into t h e  c e l l ,  .%ny xolecules, which 

normilly would be i n  the  proper e a z r a  &ate  t o  absorb t h e  inconing radiation, 

a re  i n  cn exc i ted  s t z t e  as c r e s u l t  of previous a b s x p i c n ,  Eventually these  

nolecules w i l l  emit t he  quzrlta which they have absorbed, re turn ing  t o  t h e  noma1 

level where abscrpt ion is  a p i n  possible ,  Howavzr, 2-6 t h i s  prooess is slow, t h e  

nolecule usuzlly re turns  t o  t h c  ground l e w l  i n  a c o l l i s i o n  with cnother aolecule ,  

converting t h e  a3sorbed rcdizti<z i n t o  heat.  

nwber of c o l l i s i o n s  i s  great% reduced, and n s t  cnoL.ch ro lecules  r e t u r n  t o  ground 

leve ls .  The excessive inccr ing redir t im then  wLckens 2nd broadens t h e  absorpt ion 

l i n e  through se turc t ion .  The bro:.dening results b e c a s e  sc tu ra t i cn  occurs e a r l i e r  

at the peak of t h e  l i n e  than  out rt i t s  wings. 

Howe7rer, when t h e  pressure is reduced too  

Too few rcolecules a r e  then l e f t  in t h e  prcper e n e r a  s t a t e s  t o  

As t h e  gas pr6ssure i 3  lowered, t h e  

Sa tura t ion  can be e l ix ina t ed  b;i reducing t h e  s t rength  of t h e  incoming 

rad ia t ion .  

a candit,ian ; r i l l  finid.l;y be r:et for wkich t h e  signal st rength will be down i n  the  

However, as t h e  gas pressure and r ad ia t ion  in t ens i ty  are both lowered, 
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nature1 e l e c t r i c a l  noise l e v e l  of t he  c i r c u i t s  used t o  Octect the signal. 

Ci rcu i t  noise then s e t s  t he  u l t b a t e  l ic l i t a t ion  on the reduction of co l l i s ion  

and scturation broadening. 

be a t t a ined  a t  pressures of about one n i c r o n - - s t i l l  a long w ~ y  f r o n t h e  Q of 

the na tu ra l  l i n e  width. 

obtained w i t h  amonia,  an accuracy of one part i n  100 rxil l icn or b e t t e r  should 

be possible since a ceasuremnt  of  the  center of t h e  rbsorption l i n e  t o  within 

1/270 of the  wi@h of the  l i n e  could be mde. 

It is  e s t m t e d  t h c t  a Q of 300,000 t o  400,000 can 

A s s a n g  t h a t  e f fec t ive  Q vclucs of 400,000 can be 

Applications and Significcnce 

Iraprovenent of the  a c c u r x y  of the a tonic  clock w i l l  r&e it usefu l  in 

severa l  f i e l d s  of pure and applied science. The lengths of t h e  nean s o l a r  day, 

used i n  astronor;icalneasur&c;ents, f l uc tua te  as much cs one pz r t  i n  20 t o  30 

mill ion,  because of var ia t ions  i n  t h e  r a t e  of r c t c t l o n  of t he  ea r th  on i ts  axis. 

The va r i a t ion  i n  present tL:e standcrds, due t o  these f luc tua t ions ,  causes 

e r r o r s  i n  the  locat ion of heavenly bodies and i n  s tudies  of t h e i r  o r b i t s  and 

Eotions. 

against  which the  var ia t ion  i n  the ear-tk's tiae-Beeping could be measured. 

A n  absorption c e l l  on ;m atonic  clock could, f o r  sone purposes, take the  place 

of zn rstronoriical  observatory. 

The a t o ~ c  clock of fers  t h e  poss ib i l i t y  of an illvariant m s t e r  clock 

Broadcasts of stc".ndard frequency are  of inportance i n  keeping a l l  kinds of 

radio,  rcdar, and electronic  equiprnent properly tuned throughout the world. 

This service i s  required i n  in te rna t icna l  t r a n s p o r k t i c n  and cormmications so  

t h a t ,  f c r  exanple, an airplane with radio navige.tiGna1 equipcent w i l l  be using 

the r igh t  frequency wherever it is i n  the world 2nd whctever c i rpo r t  it is 

using. A t  present, t he  Ne t ioml  Bureau of Stendards Stzt ion,  WWV, broadcasts 

standard frequency and tirze signals on severa l  transclitter frequencies t o  a l l  
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t h e  world. 

s igna ls  f o r  navigat ional  purposes, 

i n  frequency and have t o  be adjusted t o  keep t h e m  i n  ag ree rmt  w i t h  t h e  bas ic  

The Navy De;artc;eat also usee quar tz -crys ta l  clocks t o  brcadcast tiEe 

These quar tz -crys ta l  clocks d r i f t  s l i g h t l y  

astronomical tirce sipals.  

Ea t i ca l ly  by n e m s  of absorption l i nes .  

Clocks of t h i s  t y p  coul"i be kept conetmt  auto- 

Maintenance of t ransmi t te r  frequency t o  within close linits is also necessary 

t o  u t i l i z e  t h e  a v a i h b l e  r a d i o  spectrum e f f i c i e n t l y .  TLe use of Icng-distance 

standard frequency broadcasts is  complicated by a la rge  reduction -in accuracy due 

t o  ionospheric e f f ec t s .  A long dis tance,  short-wwe signa1 t r a v e l s  around t h e  

ea r th  by r e f l e c t i o n  from t h e  upper ionized regions cl' tlze atmosphere, known as the  

ionosphere, Every morning at  sunrise t h e  ionos-,here c;oTres domiward, and every 

evening a t  sunset it rises. This da i ly  va r i a t ion  ir, keight causes a Doppler 

s h i f t  of t he  frequency of t h e  r e f l ec t ed  wave and, toget':ier wlth other  as ye t  

unknown causes, i s  respcnsible  fcr il. rcduction by a fzctcr cf 23 o r  more in  the 

accuracy of t h e  frequency of t he  received sip-31.' Thus, t he  Bureau's standard 

frequency broadcast agrees with as t ronos ica l  t i x e  clszalz t o  one par t  i n  one 

hundred n i l l i o n  a t  the  t ransmi t te r  but nay be known t o  0i-Q~ one par t  i n  four 

mil l ion  a f t e r  t rmsmiss ion  over l sng  dis:;an.=es. 

overcome in severa l  ways. One i s  t h e  provision of a l vcc l ,  precise  frequency 

This d i f f i c u l t y  can be pa r t ly  

standard ca l ibra ted  by mmns of received standard t i n e  s igna ls  also t ransmit ted 

by radio.  However, t h i s  process, which requi res  a day or mre, complicates t h e  

equipment problem and intrcduces addi t iona l  errcrs, making h p r a c t i c a l  t h e  use of 

standard frequency broodcasts f o r  ins tmtanecus  or ccntimdous frequency C a l i -  

b ra t ions  of t h e  highest  precis ian.  

A t  t he  last  Internchional  Radio Conference held i n  A t l an t i c  Citx i n  1947, 

plans were fomulzited t o  prcvide stcndard frequency and t h e  brcadcasts frm many 

s t a t i o n s  located t o  render good service thrcuslout  t h e  wcrld. These services  may 



- 1 2 -  

be improved or s i n p l i f i c d  by means cf ctcraic clocKs ca& f'rcqdensy stcndards. 

Such clccks cculd control the stanaard frequency enissions of t h e  various s t a t i o n s  

without checking 2nd monitcring by c s t ronx l i cn l  t im s i p d o .  

frequency s h i f t s  could then be eliminated by U n i t i n g  t r a n c d s s i c n  dis tznces  t o  

short  ranges. 

absorption line with t h e  certaint;- of obteinring a precicicn ca l ib rz t ion  aga ins t  En 

absol r te  s tcndrrd and withcut depending on a otcn&;?rd frequency 'srcadeast . 

The Doppler 

Also, equi2nent amwhere i n  t h e  wcrld cculd be cheeked against an 

One advantzge Gf t he  r o t a t i n g  e c r t h  as t h e  bas ic  tirnc-keeper is t h a t  it never 

s tops r o t c t i n g  or brecks down. 

but must be kept running forever  if it is  t o  keep t r ack  of tire frou- scme a r b i t r a r y  

ins tan t  chosen c.s a s t a r t i n g  point. 

d i f f i c u l t y  i s  m e t  by using a large nmlber of similsr clcclrs ccnstant ly  inter- 

compared so t h a t  brezkdcwn of one does nct mean ;? l o e s  of time-keeping records. 

While t h i s  procedure could a l s o  be used with atonic  cl:cks, it would not be 

necessary for use of the  clock as a frequency Etc.r_.;?nrC or fcr defining a standard 

Likewise, fir47 ma-mde clock rust not break down 

With t h e  prcsect %uzrtz-cryotal  clocks, t h i s  

of t i ne - in t e rva l s  s ince these  ap2licz-t ions do not; rec,cire continuous operation of 

t h e  atomic clock. 

The atomic clock should permit i x~rcu -e i~en t  i n  actrcncraical t b e  &andards i n  

a way inpossible  with electrfc-pendulum or quaytz-crystal  c l d c s .  

t h e  p o s s i b i l i t y  of iirqroving the  prec is icn  cf ,knowledge of t h e  length o f  t h e  year,  

t h a t  is, t h e  tine it takes t h e  ea r th  t o  revclve once in i ts  o rb i t  around t h e  sun. 

This is independent of the  t im it takes  the e a r t h  t o  rctclte once on i ts  axis-- 

t h e  mean s c l m  day. Measurcnents could thcn dc temine  whether t h e  mean s i d e r a l  

year i s  more constzmt than t h e  nean solm day, as sme astronoxaers bel ieve m y  

be t h e  case. 

It thus  opens 

Although the  use bf atoxic time presents advcntages in zany f i e l d s  of 

science, it w i l l  always be necessary f o r  soze pursoses to '.me astroncnical tine 



stzndards. 

c r i e n t e t i c n  cf the e a r t h  c;t t h e  instcnt  of observati.cn, i n  other worcls, on 

astroncnical t i n e  r:easurel;.,ents which derive frcr. the m t i c n  cf the  ear th .  

T h i s  is  because the p i n t i n g  of  a t e l e s c q e  dqends cn the 

The NBS P r o g r m  aLd Mirrrcwave Sgectrcscopy 

The atx3.c clock grcgran is being car r ied  cn a t  the N a t i c m l  Bureau of 

Standards along severa l  d i f f e r e n t  l i c e s .  

with t h e  ccoperaticn of the  atonic  bean laboratory of C o l u b i a  University which 

nay r e s u l t  in  greGt17 i z p x v e d  accuracy. I n  t h i s  rlethod, quantm t r a n s i t i o n s  

i n  beam cf a t o m  such as c e s i m  w i l l  be used t c  ee tab l i sh  frequency and tiL=e 

Arcing t h e m  i s  a r r o j e c t  being developed 

standards. The broadening c;f t h e  l i c e s  by collisions end Coppler e f f e c t  is 

la rge ly  elilninated i n  t h i s  r-ethod sc t h s t  t h e  ptsa+,lz?- accuracy is increased by 

a f a c t c r  of 10 t o  100 3r m r e .  

one par t  in t e n  b i l l i m  ~ e z  be reached. 

conjunction w i t h  c. quar tz -crys ta l  c s c i l k t a r  end frec_-Tn , a c y  xxlt i p l i e r  systen, 

j u s t  as i n  t h e  present nethcd csing an absor-pticin cell. 

Calculnticns shCv T?-T:~. :n ul t i rs l te  accurecy of 

The atoxic  2eZl; is c.gc?.in used in  

The cherxical analyois of K T E ~ ~  hem9 ,-,oolecules 3y m a n s  of a ricrowave 

spectroscope has been carr ied out by 1-izriy inves t iga tc rs ,  T h i s  rakes it highly 

desirable  t o  place frequency stcndm-ds on izn a t o a k  bes is  c;t an ear ly  date i n  

order tht bet ter  precis ion ciin be nbteined i n  the r.ea.surexent of  m l e c u l a r  

constants. 

t o  higher and higher frequencies i n  t h e  n i c r x a v e  regicn. 

More and Eore chei2icals w i l l  be a n c l p e d  as tl is  technique is  pushed 

Spectroscopic cnalysis  

has h i ther to  been dependent on inf rwed,  op t ice l ,  an6 u l t r m i o l e t  Eethods, which 

f o r  the  x o s t  Tart are l i c i t o d  t o  work on atocs  and t h e  s jxp ler  ~ o l e c u l e s .  How- 

ever, a lerge p a r t  of ced ica l  and i n d u s t r i a l  cherlistry requires  amlysis of 

lcrge, complicated m l e c u l e s .  The h e q y  Eolecules, rctcti.n;: ct slower rates, 

usual ly  have s p e c t w  l i n e s  i n  t h e  vJcrcwsre region sc t h c t  the recent advances 
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in nicrowave ceasurenent technique now provide highly nccu.rote m t h c d s  f 3r t h e  

study of rioleculm- ccnstitu.tion. 

i n  t h e  f i e l d s  cf high pclyners, p h s t i c s ,  rubber, t e x t i l e s ,  o i l ,  fccds, &rugs, 

Such large m l e c u l e s  m e  pr inc ipa l ly  involved 

and b io logica l  cher icals  such as v i t sx ins .  

Stable isotopes which a r e  nc,w cvai lable  frm t h e  A t m i c  Energy Cormission, 

are being widely applied i n  industrg. and rledicine, and it is becwing inportant t o  

have quick, accurate i n s t r u m n t s  f c r  r2easureEents of the  kin5 znd quzntity of 

isotopes present i n  a six-ple. 

checical  nethods, which deel only wl th , the  mter p a r t s  of cn a t o n  or nclecule 

and not with t h e  nucleus. 

I so tsp ic  i 2 e n t i f i c a t i o n  is not possible by ordinary 

The sicrcwnve spectronetcr,  haTJing 2 reso lu t ion  up t o  

100,000 t i x e s  grez te r  t h a a  an inf ra red  spectrcscope, will be able  t o  mke 

lneasureclents nn ninute i so tzp ic  saxples, and it can bc k u l l t  t o  do t h i s  quickly 

and accurately with autorlatic, a l l -e lec t ronic  cmpc r,er.ts. 

One of t h e  ncst b p c r t a n t  cppl icct icns  of qvm3-z C l . j - s t i ? l s  i s  t o  t h e  

frequency-control of t r a n s n i t t e r s  and f i l t e r s  used i n  r cd io  equipnent--bcth 

n i l i t a r y  and c i v i l i a n .  

t e l e v i s i o n  s e t s  would csnstant ly  hme to be retune&, cnL riucli interference 

between ad jacent channel trcnsr=itters w m 1 L  a l s o  r e s u l t .  Telephone ccEpcnies 

If these t r m m i t t e r c  vcried i n  freqiicncy, rad io  and 

operate c a r r i e r  teleghsne c i r c u i t s  i n  which la rge  nuxbers cf simultaneous 

nesmE;es a r e  t r a n a i t t e d  over the sa l e  cable cn& a r e  separated by neans of 

c r y s t a l  f i l t e r s .  S i n i l e r  needs a r e  Let in  xicromve r e l q  networks used f o r  

siriultaneous coriunicat icns ,  te levis ion,  m d  FM broadcasting. A t  the  higher 

frequencies, which zre inaccessible t o  crystal c s c i l l z t c r s  cr f i l t e r s ,  t h e  need 

fcr frequency-control equipmnt i s  urgent. Yerc etcx3c o c c i l l a t o r s  and spectrun 

l i n e s  used as f i l t e r s  would give the  necessnry frequcicy c m t r o l  and s t a b i l i t y .  

A filter wculL consis t  cf c c e l l  f i l l e C  with 2 ges t h a t  w c ~ z l d  cbscrb zany 

d i f f e r e n t  frequencies. A bnnd-pass r e t h e r  thzn  a band-stoP f i l t e r  can also 

be rade by neans cf adki t icnz l  nicrown-ie cc:~onents czllcd 
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Such f i l k e r s  could be e l e c t r i c a l l y  tuned $7 paking use of the  Stark m g i c  t ee s .  

e f f ec t ,  i n  which an cpplied e l e c t r i c  field CCE force a xolecule t o  chmge i t s  

frequency. 

Stable o s c i l l c t o r s  f o r  con t r c l l i ng  high-frequency t r c n s r c t t e r s  ccn be mde by 

using a mthod  sir,ilc?r t o  t h c t  i n  the  present a topic  clock. Here a d i s c r i c i n a t c r  

or servo c i r c u i t  locks t he  t r a n s d t t e r  t c ;  ~l spectru-1 line thrcugh a cont ro l  

s ibpa l  generated by t h e  servo whenever the  frcqucncy d r i f t s .  

advantageous t o  e l in ina t e  the  servo or discr i rz i iz tor  m d  develop an atcraic 

oscillc7;tor in  which t h e  zbsorption l ine would d i r e c t b  de temine  t h e  frequency 

of t h e  o s c i l l a t o r  cr t ransmi t te r .  

qumtz-crys ta l  o s c i l l a t o r  2nd rake possible  rany new zp-i;.l_icctic,ns t o  r:;icrowa,ve 

r ad io  sys t em.  

Hcwever, it would be 

T h i s  would be aralogous t o  a low-frequency 

Dr. Harold Lycns, i n  recent  work at the  N&zlcncl. Z~rczu of Standards, has 

designed c i r c u i t s  of t h i s  type f c r  w e  i n  t r r -nsni t te ;  cLiitrr33 and f o r  naking an 

a tonic  clock and frequency standarc? withcut usin& d l s c r l r i n c t x -  c i r cu i t s .  In  t h i s  

nethod, t he  atcmic-osci l la tcr  frequency i s  redxei. by r-ei".ns of frequency dividers ,  

but no quartz crystal-dr iven frequency-xultiplying chain is used, as i n  t h e  

present clock, nor is  any serve c i r c u i t  recuired.  Tha c i r c u i t  i s  t h a t  of a 

feedback c s c i l h t o r  i n  which feecback i s  obtained f o r  t h e  m p l l f i e r  through a m g i c  

t e e  only a t  t h e  absorption l ine frequency. The tee is  balcLnccd ct other  

frequencies, but t he  abscrpt ion cccurring ct t h e  resmance frequency cf t h e  line 

unbalances it md allows the siwal t o  be pzssed througb s o  tha t  the a q l i f i e r  

o s c i l l a t e s .  

absorption line. 

avai lable ,  a t  24,000 Mc where t h e  apEonia l i n e s  a re  found. 

This  c i r c u i t  requires  a rrLcrowa.ve m p l i f i e r  a t  t h e  frequency of the 

Such c x p l i f i e r s  have been b u i l t ,  but @re not yet  c o m e x i a l l y  

Meanwhile, an exact equivalent of t h i s  c i r c u i t  has been s e t  up ct 3,000 Mc, 

where m p l i f i e r s  a r e  now avai lable .  This  c i r c u i t  uses e rescncnt cavi ty  i n  an 
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equivrlent c i r c u i t  cjf t h e  abscrpticn l ine .  As t he  csc iUzt i l r  h a  func t imcd  

s a t i s f n c t o r i Q ,  cn at tezpt  is  being EaCe t o  finL surta’ble absorption l i n e s  i n  

the  3,090-Mc regicn. 

i n  which soEe cf the  hycIr3gen ctcrs i n  the  m “ i c  riolccvJcs k v e  been replaced 

This involves a scrrch f c r  the l i n e s  of deuterated anmnia, 

heavy hydrcgen ( d c u t e r i m )  e t o r s .  The h e m i e r  deuterated m c n i a  w i l l  give 

Fcr exmple,  when a l l  th ree  l i n e s  a t  b w e r  frequencies thcn crdim,ry a rxxic .  

hydrogen a t o w  have deuter iw;  a t m e  ou?mtituted f c r  t:lec, t he  frequencg w i l l  

go down tx approxirrcteu 1,200 Mc. 

construct a m g i c - t e e  &x.ic o s c i l h t o r  usin2 t h e  lcwcr-frequency amcn ia  l i nes .  

Another c t o d c  o s c i l l z t c r  t o  be cm&ructcd at t h e  B w e w  w i l l  be s inihr  t o  the  

The Natiicirxxl Bu.res.u of  St~n6zr:is  plans t o  

m g i c - t e e  type but w i l l  use a six-a-m tmveppi&e briZp t o  cr,ntrol  t he  feedback 

of t h e  amplifier.  This  c i r c u i t  ~ h c u l d  lzrg?lj- el2r.2ixte possible e f fec ts  of the  

ex terna l  c i r c u i t s  on t h e  frequency c f  the oscillczt J-, 

control led by the  abscrpt icn 1:ne alzne, shoul? %e e c y z c - k l l y  su i t eb le  f o r  

p r h a r y  a tcx ic  clocks and frequency stzndcrds . PrA:.lqp,-4s c i r c u i t s  a t  l G W  

frequencies, using q x w t z  crys ta l s  i n  orCirz . ry  b r i Q s ,  hzve beccae t h e  zest 

precise quartz c r y s t a l  osc i l lckcrs  s o  far conetructed. TLe r e k t i v e  imrits of 

t he  mgic - t ee  and briCge c i r c u i t s  ere 7;eiil.g investl;zted. 

T k s ,  the  osc i l l a to r ,  

The atomic clock m y  eventuclly be used to ixiprove tke  standard frequency 

and time broeLcasts of t h e  Naticnal Burem i f  Strn?-ar?..Ls, both frxi Sta t ion  \W 

and the  Bureau’s new s t s t i o n  i n  H x , G i i ,  WVVX. 

the  ;?resent quartz-crystal  clacks with zn atcrl ic clcck and w4cml2: b e a g e c i a l l y  

This could be dcre by ocni tor ing  

usefu l  at; the Hawziian t r a n s s i t t e r .  

Bureau Q tk -e  s t rn ihrd  anal:@us t o  the Burecx’s new 2 x n i c  otan&rd of length 

A precise  ctGr3.c clock would give the 

provided bx the  invzriant wwelength of t he  l i g h t  f x n  a s ingle  lzlercury isotope 

(Hglg8). 

The goal of using s p e c t m  l i n e s  cf :ndivi&2l, isolc,tcd 2tom i n  a f i e l d -  
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free q e c e  t o  establish t k e  cnci frequency stanJards is  rmct marl;. e t ta ined  in  

the  riethcd using quentur: transit ions itl atonic  bears.  Both t h i s  nethcd end the 

nethod using absorption c e l l s  ster: f r c n t b e  appl icz t icn  03 etc ,z ic  physics t o  

p r a c t i c a l  problem. I n  f e c t ,  quontm r " n i c s  Eust be used t o  cclculate  and 

design the  necessary appzratus, end the zbsorption by xrfinic gcs is a typical 

quantm mchan ica l  e f f ec t  incapble  of explanztion by c l a s s i c e l  @.pies. The 

m o n i z ,  m l e c u l e ,  s t r u c t u r z l ~  l i k e  a. pyrarid with thc  three  hydrogen atorm 

f o m i n g  the  t r iangulzr  bcse end the nitrogen ctor; at the  apex, continually turns  

i t s e l f  insite-cut,  giving r i s e  t o  a qutxLtm-zeckcnical resoncnce alscrpt ion.  

The atonic  clock i s  thus another exm-ple cf the  ir?portc?.nce of a tonic  physics 

t o  engineering. 

physics m y  w e l l  provide a new tccwque f ?r opening up tiic ::llll;r.leter-w~velen~h 

bands zbove thc  region where ordincry cicrowcve nethcLs a - e  npplicnble and below 

the  region of op t i cz l  nethcde. 

' Microwave frequency stcndnrds, Hcrcld Lysns, T:-j-EZCELl Xeview, 74, l203, 
The first diEcucsicn cf the c-,-; i c  clock, TrcZGnted a t  

The everlapping ~f the  f i e l d s  cf e lectronicc c.nd nicrowave 

Eov. 1, (1348) e 

t he  xeet ing jf the k e r i c c n  2i;;isicai SccictJ- i n  ~ < c & i i q t c n ,  D. C.,  on 
Apr i l  30, 1948. ' Scrsevhct s i a i l a r  3ulse c i r c u i t s  were first used i n  a s k % l l i z e d  klystron 
o s c i l l a t o r  by Dr, W. D ,  Hcrsilbei'gein cy tlie 3 C A  L c h m 3 . t C r i C s ,  P r ince tm.  
Swh  an appl icct ion is f c r t l x ~ t e 3 y  F k p l e r  t k n  t h e  n2plication to an 
a t m i c  clock, wkich mst wcrk with rxch kwer  s ign1  kvc l s .  
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CAPTIONS FOR ILLUSTRITI03S : 

Figure 1. - The n a ;  atomic clock a t  t he  ?Tati.onnl 3ur-zu of Stq.ndnrds i s  c o q l e t e l y  
containcd i n  t h i s  ur- i t  wi5h t h e  e l ec t ron ic  equi?n,,l;t h o x e d  i n  a stan- 

d a r d  rack cabinet ar_d the ivavdrJide a7jsorptlon c e l l  rmund i n  a s p i r a l  around a 
5O-cycle spchronous clock or; t o p  of tho cabine to  F r m  t o p  t o  bottom, on the  l e f t  
panels: frequency dcviat io? rocor4er; 1COO-cycle syrichronous motor clock (24-hour 
d i a l ) ;  e l cc t ron ic  frequenc;r rr.eter (dr ives  dcviation recorder )  ; 100-kilocycle 
quartz-crystal  o s c i l l z t o r ;  frequciic:! dividors (divide 100 lrc do-vn t o  50 and 1000 
cycles ) ;  ' regulated power s u p ~ l y  f o r  IrlyFtron tubes; r3gulated p l a t e  and filament 
power supplyo 
monitoring oscilloscope; pulse a n p l i f i c r s  and shapers, and pulse  discriminator;  
d-c control voltage ind ica tor ;  sweep generator, FM mcdulator, and klystron f r e -  
qucncy m u l t i p l i e r  (270 mc t o  2984 s c ) ;  frsquency r - u l t i p l i e r  (130 kc t o  270 mc); 
e lcc t ronic  v a c u u ~  gage; regulated p l a t e  and f i h n e n t  povmr sapply.  

On the r i g h t  panels: frequency co~.r,a,rator and deviation ind ica tor ;  

FITCTO 17857-1-320 -- 
Figure 2. - Deta i l s  o r  s i z e  and construction o f  the  a toxic  clock,developed a t  t he  

K a t i o n a l  Bureau o f  Standards, appear i n  t h i s  ger;src\l view o f  the  back 
o f  the equ ipen t .  
t h e  s t a f f  a t  t h e  NGS 13.crowavc Standnrds Laboratory, are sho~m making adjustments 
on thc  clock's amzl i f ie r  and nower supp1:- c i r c u i t s .  The mount of equipment shown 
i s  l a rge r  than needed fo r  the  clock a lo& s ince  some of  the imtrumcnts are f o r  
measurements and t e s t s  o f  perfornance 
operation o f  t he  a tonic  clock could be conciensed i n t o  one o f  t h e  t w o  cabinct racks. 

E, F, Husten ( l e f t )  and E ,  D. Hcjcrling ( r i g h t ) $  nenbers o f  

dActually, t h c  c i r c u i t s  e s sen t i a l  t o  t he  

RiOTG 17857-2-320 

Figure 3. - Vfhilc t he  EIS Atomio Clock i s  i n  operation, the  monitoring oscilloscope 

The 3,3 l i n e ,  s t ronges t  of  nany absor2tion l i n e s  i n  amnonia, corrcsponds t o  the 
quantum t r a n s i t i o n  i n  which the quantun nuTbers J and K both havc the value 3. 
The symmetric olrtput p u l s e  Ls producsd by absorption of the  FTd control s igna l  
as it sweeps across the na tu ra l  absorp-tion-linc frequency o f  t h e  ammonia gaso 
sharpness o f  t h i s  l i n e  on the oscilloscope screen i s  a n  indicat ion o f  the  time- 
keeping accuracy of the  atoriic c lock,  A fi*cquency scale nay be in fe r r ed  from the  
known frequency i i l tprval 
satellite pulse on e i t h e r  s 5 . d ~  (the satellites are 2 r d u c e d  by nuclear quadrdpole 
moments of Nl4)* 
half-power points i s  nbo i i t  0,3:5 R k ;  div;ding the  center  r"r2qucncy (23,870 Pic) by 
t h i s  half-power value y ic lds  a Q cf 71,200. 

continuously displays a t r a c e  o f  the  3,3 absorption l i n e  o f  ammonia, 

The 

(1( 74 Yc) botwccn t h c  ;n-.in 3 , 3  pulse and the f i r s t  

This shows %kat the wic?kh o f  t h e  3,3 a b s o q t i o n  l i n e  a t  t he  

EiOTO 1785 7-4-320 - 
Figure 4 ,  - The quanturr, t r a n s i t i o n  52- which t h e  c;nr?,or?-a molccule (top),  mI3, ab- 

ins ide  out i s  i l l u s t r a t e d  i n  c lnes i ca l  terms by the  sc!>.cinatic diagram (bottom)* 
An absorption l i n e  produced bl- such a t r n n s i t i o r  servos as t he  frequency control 
f o r  the NBS Atonic Cloc!~, The axmonia m o l c c u l e  i s  i x  the  f o r m  of a pyramid with 
a nitrogen nucleus a t  t h c  npex and th ree  hydrogen nuc le i  a t  the  base; each nucleus 
i s  surrounded by i t s  ch- rac tor i s t ic  e l ec t ron  chargeo The Avcrage d i s  Lance between 
the  nitrogen nuclcus an2 each h;dro,-en mc leus  i s  l o O l  An%-stroms: t h c t  between 

sorbing energy a t  one sliarply defined frequency, caa t u r n  i t s e l f  

. 
- - 

t h e  hydrogen nuc le i  i s  1,53 Angstror.sa 
and the H-N-H apcx tingle is 107O, 

The pyracilid i s  about 0,38 Angstroms high, 

TdOTO 1785 7-3-320 
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Figures 5 and 6. 

Figure 5. - Si~p1if i~:d.  block d i a z r m  of  t h c  k t i o z a l  Burcs..u o f  S ta?hr? , s  Atomic 

q u a r  t z - c rys t a l  o s c i l l a t o r e  
then E u l t i p l i e s  t h i s  s igna l  up t o  mi::roTrz.vo freqxenclLs V"J n ~ o , " s  of vacuun-tube 
c i r c u i t s  and s i l icon-crys ta l  diodes, Frovi2ing outnu'; s igna ls  throughout t h e  micro- 
waTe ranZco 
frequooog of these s i sna l s  with the  arvwr,ia frequcncj- st;anc!-r?. After the  nicrowave 
signal i s  exact ly  tuned t o  tho  freq-icicy o f  t he  spectrum l i n e ,  a q  tendency t o  d r i f t  
on thc  p a r t  o f  t he  quartz-cry;tal .  o s c i l l a t o r  w i l l  CC'IISO t he  2 i sc r in ina to r  c i r c u i t s  
i n  the  cor,trol li& t o  send an "er ror  s igna l"  back t o  the o s c i l l a t o r ,  maintaining 
it a t  the proper frequencyo The cr-p'zal o s c i l l a t o r  i s  thus lcc!:ed t o  the  invar icn t  
frequency of the mmonia l i n e ,  
m o t o r  clock, f i r s t  reducing the  s t n b i l i z s d  100-lrilocgcle s ignal  to t h e  clock 
frequency, 

C15ck. The fundc:Tcntal clri-*Ting sigm.1 orisin?.-ics i n  the 100-kilocycle 
R e  f r e q u e ~ c y - n u l t i u l i c r  7x13 har,.onic-Zenerator chain 

Frequency-discrixina L o r  c i r c u i t s  i n  the  cor-trol l i n k  then conrare the 

A frec_uency divicler chain then 3rivos a synchronous- 

Figure 6. - 
n i c a  winc!ows t o  seal i x  the  ari:onia gas a t  roduccd 2ressurr.  
s igna l  i s  fed through a coaxial cable t o  8 type-lNZG s i l i c o n - c r y s t d  r e c t i f i e r  
ins ide  the  waveguide I) 
s t rong  harnonics which r ad ia t e  dovx tho wn-mguide,  
t h e  input and output o f  the  c e l l s  f o r  iypcdance rAatcli:ig s o  t h a t  a l l  of t he  s ignal  
i s  used and none re f lec ted .  The present 30-fo3t c e l l  gives a two-to-one t o t a l  
reduction i n  s ignal  arpli tude.  After p n s s i n ~  throuzh the abso rp t im  ccll, the 
s igna l  i s  received by anothcr typo-lTT26 s i l i con -c rys t l l  r c c t i f i e r ,  T3is r c c t i f i e r ,  
ac t ing  l i k e  a receiving antcnna, gcncrates a n  output currerit which dips due t o  
absorption as  the input frequcncy sweeps across t h e  absorption-line frcqucncy, 

The vm.veguiC!.e abscrption c e l l  uscd' i sz  the  E3S Atonic Clcck i s  a. 
rectangular copDcr tube mound i:i a cmpzct  spirz-1 and provided with 

A 2953e8-negncycle 

This c r y s t a l  r e c t i f i c s  th:: input cu r rez t  and generates 
n luning plupgcrs a re  shown a t  

EWTO i7a57-.5-320 

Figure 7. - T'ne findaxcntal d;.iring siSKa1 f o r  the I 3 S  Atomic Clock originates 
i n  the  100-kilocycle qunrte-crystal osc i l lakor  (losver left),, 

fre~uency-.multiplyinG c h i n  u j inz  orc?iiitiry rnd i  3 tubes n u l t i p l i e s  t he  s igna l  up 
t o  270 megzicycles; a frec_uenzv multiplying kl;isti-cn then mult ipl ies  the  s igna l  
11 m o r e  times and com'dincs AT with a s igna l  fro+; ty. ,"_,..ciUe:;c!i-modul.?ted o s c i l l a t o r  
t o  produce a n  AL output s i p " !  a t  2983,8-9,12 blc. 
generator mul t iy l i e s  t h i s  3 I L  s % g x l  up t o  2587O04t0,~6 hLc a r 2  intro2uces it in to  
the  am.onia absor_ntion c e l l ,  As  t h e  frequ6,ncy o f  t he  riodul?.tcd ccdcrol s igna l  
sweeps acrcs s t h s  zbscrption-line frequency of t he  zrz?ivni:: --?par, t h e  signa1 
reaching t h e  s i l i con-crys ta l  detec5or a t  the  end cf the t,bcor;.tion c e l l  i s  de- 
orcased, giving a r  output pulsd i.i.!-ich i s  strex-zJ-txe6 -.nd Fharpem:! i n  the  amplifier 
and pulse shapere PA eeso~d plxlsc g e x r z t e d  by C L  ::in; i n  z. mixer the  output 
of the  FM o s c i l l a t o r  and a 12,s TIC c;cic s igna l  f r o  he frcqlzency multiplying 
chain. The time ir.terv-,l b~t-rct.:?~ the p u l s c  fro-) the  z or>tiorL c e l l  2.nd the  pulse 
from the  mixer can the:: be r-ctisurd- i n  Erie d i - ,c r in ina t  Thc dix=rimin?tor gives 
zero output w1ieK t he  t i 2 e  i l i t e rva l  i s  r i ;-ht;  o n t  when she 'ntcrval i s  'rrong, it 
sends a cont ro l  s i g m l  t o  tlic r c a c t z x e  tube, idiich ratunes the  cr;rstnl o s c i l l a t o r  
accordingly, The c rys t a l  ~ s c i l l r i t c r  i s  then skzabilizcc! aza ins t  d r i f t  and can 
maintc?in t h e  tinekeeping of the  sy.c-.rancus -motor cloclr:. vrith extrcme accuracy. 

A 

A si:iccc-cryst-.l hwmor,ic 

FIiOTO 17557-6-320 



- 2 0  - 
Figures 8 throuch 10. 

Figure  8, - Tho 100-kilocyclt f r ? q r w x y  s t a n d u d  C T ~ U ~ C - T  a q71n.rtz-crystal.. o sc i l l a -  

frequency discrir?.inator i s  p n r s c d  throuzh thc i, t,,grc.ting c i r c u i t ,  which snooths 
out a11 f luc tua t icns  5x1 the  e r r w  s i s - ~ l  except st.,r,?y c i iaqcs  geixr?.ted whcn the 
c i r c u i t  t r i e s  to d r i f t  i n  frcq1ieCqy. The output vs l t -zze  of the in tcgra t ing  c i r c u i t ,  
appliec! t o  t h e  re?ctn.r.ce-tube g r i ?  
The o s c i l l a t o r  output i s  feci t o  a frsqudr,c:r d i v i t c r  and a l s o ,  thrcuEh the buffer 
amp]-if i e r ,  t o  Q f rcquemy r ru l t i p l i c r ,  

l t  * "  

t o r  vrith :: rczckzxe-ti:bl: cor t rTl  c i r s u i t ,  Thc c r r3 r  s igm.1" from a 

c -ri?-rols the tuning o f  thc  c r y s t a l  o s c i l l a t o r ,  

F i p r o  S, .. The l i m i t e r ,  xoc!ul?.tor, ar_c? r"u l t i? l ic r  ar;-nnccment uses a klystron 
tube  t o  m1ltipl.u- t!le 273-v-e-rccycle i i ? u t  s iGnil  11 tlm- befqre com- 

binixg it with an FN Fignal o f  13,8jcO,l2 Mc, 
2983*8+0,12 Kc, i s  thcn ariplified i n  anoth- r  k lys t ro r  an6 f.:~! t o  t he  harmmic 
generator a t  the input of t h e  ammonia a b ? x ? t i c n  c e l l *  KlL-stron tubes a re  used 
here because of t h e  extrelrely l i izh f r q i i c  ncies inzolved, 

Figure 10, - In the  pulsc diFcririfnztcr, ':hi t7m 

generator on and o f f .  When tlie time izite (7.1 i s  cor rcc t ,  t he  on-off cycle genercites 
no OutpJt signa1 f r o 3  t he  r:ositive a22 ne tit-e  ea!: ? , tec tors  driven bjr the  
square-wnve s i p a l ,  The d t e c t o r s  $-raw c rmt  :m the pos i t ive  -:nd Legative peaks 
o f  t h e  square "e, but vrhei; t h e  posit ivc *in4 net-citive portions o f  the  square wave 
a re  o f  equal duration, they balance znd ,-i-$e nc' L'-G oiitputo Zw~mr, i f  t he  t i n e  
i n t e r v a l  bebeer,  t h e  t w o  ifiyut iving pulscs gets  ldriger cr shorter ,  t he  r e l a t i v e  
durat ion o f  t he  pos i t ive  an2 n tin, p s r t s  of t h e  squtirc V,-?&VC chznces s o  t h a t  a 
r e s u l t a n t  d-c output is gelier-. 
quartz-crystal  o s c i l l a t o r  i s  m Yne prTl,er frequency t o  tuxe t h e  frequcncy-multiply- 
ing chain t o  the  ammonia l i n e r  bu t  ;? c o r r t r g l  v c l h c e  i: produced t o  retune the  
o s c i l l a t o r  if  it i s  tenc1ir.E; t a  drift, 

Figures 11 and 1 2 ,  - Pchcnntic c i r c l i i t  di2graris of t h e  pu l se  Ciscriminatoy and the  

r ~ h r ;  r?su?t;ing T u t > : i t  s ignnl,  

Ises bebvepn vdlicb the  time 
intc-rval i s  t o  bc, mczsurcd t;.ir:- n tr ger c i r c u i t  o r  su_utlre-wave 

30 coiitrol voltnge i s  g e x r a t e d  tihen t h e  

FIIOTO 17857-7-320 ---. 

100-3 . locyc lc  q uar tz  - c r p  bnl o s c i l l a t o r  uscd i n  the  NBS 
Atomic C:iocic, PEOTO 17857-8-320 

--I- 

Figure 13, - Dro E ,  U, Con:!on ( lsf t ) ,  D i r e c t x  o f  t h e  3ati:nnl Burc.iu of Standards 
and Dr, Enrol l  L-pxis- inventor of t he  NES L t  i c  Cl-cl.:, stand before 

the  control pixiel o f  the  clockt Lr, C O I Z ~ T .  i s  h..l?i-y a ~ d - 1  2f the  a r n m i a  
molecule whose nicrotvav-,. a$:: x - p t i - 3  l i n e  ( s h o ~ : ~  on t h o  o r c i l l ~ z c  ,?i. screen a t  
r i g h t )  provides the inv?.riai-.t f roqzency :.Aic!n c a  :trois the tixlroe;)ing of the 
clcck. 
cell wound arourcl the synchroxct-le clock (fiirect3.y a b o t ~  the s c i e l - t i r t s  )e 

Th-: 3rmc;ii.a p s  Is r?,ni:hixecl at l c m  Frpszuro 1-1 the  3g-foot absorption 

- € T O T O  1785 7-9-320 

Figure 14. - The frequciicy-te 
m r i n t i s n s  i n  ti 

o. six-hour t e s t  run, 
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